Introduction
Sialic acid is a generic chemical term for derivatives of acidic aminosugars (neuraminic acids). Among neuraminic acids, N-acetylneuraminic acid (Neu5Ac) is the most abundant in biological samples. Sialic acids, which are usually positioned at the terminal end of sugar chains bound to cell surfaces, glycoproteins, and glycolipids, are well known to be involved in various in vivo phenomena, such as the recognition of intercellular biological molecules and viruses. 1, 2 In addition, abnormal expression of sialo-glyco conjugates and sialo-sugar chains occurs in various diseases.
For example, an overexpression of sialyl Lewis X was caused on tumor cell surfaces. 1, 3 It was reported that the isoform pattern modified by sialic acid in sugar chains bound to transferrin in spinal fluid for Alzheimer's disease and in serum for alcohol abuse patients is very different from the pattern in healthy individuals. [4] [5] [6] [7] [8] Thus, the total concentration of sialic acid (especially, Neu5Ac) in blood is employed as a useful marker for various diseases. [9] [10] [11] As such, the development of an analytical method specific towards sialic acid is of importance.
Many separation techniques for Neu5Ac have been reported so far, 12 including liquid chromatography, [13] [14] [15] [16] gas chromatography, 17 and capillary electrophoresis (CE). [18] [19] [20] [21] In these chromatographic and electrophoretic methods, chemical derivatization techniques using a chromophore with strong absorption in the UV/Vis spectral region were often employed to give detection selectivity, although these were not related to the separation selectivity. Recently, fluorescence detection following derivatization with a fluorophore and mass spectrometric detection in conjunction with LC and CE were also reported for higher sensitivity. 13, 18 However, the separation selectivity was not improved by these derivatization techniques. Among the various separation techniques previously reported, high-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) possessed great potential in terms of its specificity without any need for chemical derivatization. 15, 16 With respect to the resolution between saccharides and/or suitability towards complicated biological matrices, CE has significant advantages, including very high theoretical plate counts and robustness towards biological samples due to its open-tubular capillary format (which prevents it from blockages, whereas clogging can frequently occur in packed LC columns without any pretreatment of biological samples). In addition, only a few microliters of sample are needed for CE analysis (with nanoliters-scale injections), which is compatible with the small volumes of many real-world samples. Usually, chemical derivatization is conducted after acid hydrolysis of the sample followed by some pretreatment processes, such as ultrafiltration, anion-exchange chromatography, and column chromatography,time-consuming and complicated procedures, and rather high analysis costs. To this end, the ability to selectively control the separation of sialic acid from complicated matrices, including other saccharides, is important.
In this study, we developed a new affinity CE (ACE) method for controlling the separation of Neu5Ac. ACE is a technique used to control electrophoretic separation based on interactions between a target molecule and an affinity agent, which is added to the separation buffer solution. [22] [23] [24] [25] Also, ACE is often employed as a powerful tool to analyze interactions between proteins and small molecules, such as sugars and pharmacological substances, or between protein-metal ion or protein-DNA. As such, the binding and dissociation constants (stability constants) were reported for various interactions. 26, 27 However, there are few reports concerning ACE designed for separation specifically targeting a certain small functional group, since it is difficult to find a suitable molecular motif (affinity ligand) to change the electrophoretic mobility through complexation as well as to react specifically with the target group with strong affinity. For example, an antibody protein may strongly bind with a certain small molecule, but this interaction will provide no change in the mobility of the complex due to its large size and multiple charges, making it impossible to control the separation. Hence, it would be expected to be necessary to purposely design an artificial receptor working as an affinity ligand for an analyte. With respect to artificial receptors for saccharides and polyols, many phenyl boronic acid (PBA) derivatives have been reported using cis-diol reversible esterification, and some of these were applied to ACE. 28, 29 There is, however, no report concerning an ACE system designed for sialic acid, since the affinity of PBA with sialic acid was only 10 L/mol at most, while greater interactions of PBA with other monosaccharides besides sialic acid were reported (e.g. fructose showed an affinity of around 10 2 -10 3 L/mol 30, 31 ). While there are some examples of artificial receptors designed for sialic acid, in which the chemical structure orchestrated reactions based on electrostatic interaction 32, 33 and coordination binding 34, 35 in addition to cisdiol esterification, the stability constants were merely improved without selectivity to Neu5Ac (e.g. Kfru = 10 2.4-2.81 L/mol and KNeu5Ac = 10 2.18-2.3 L/mol 34, 35 ).
In our previous studies, 36, 37 it was found that some lanthanidepolyaminocarboxylate complex motifs strongly and selectively bound with Neu5Ac with an affinity of ~10 3.6 L/mol, which is the highest affinity among artificial receptors reported so far. The Tb-ABNOTA complex (whose chemical structure is shown in Fig. 1A ) especially provided high affinity and significant Lnbased emission enhancement in a slightly alkaline aqueous solution. 37 The unique mechanism of the recognition of Neu5Ac is as follows: there are two or three residual coordination sites in the Ln-ABNOTA complex, since the coordination numbers for the Ln ion and the ABNOTA ligand are 8 -9 and 6, respectively. Hence, two or three water molecules usually coordinate to form a complex of [Ln Thus, this same motif is expected to be desirable for ACE for sialic acid in terms of changing the charge on the Neu5Ac
) via complexation and selective binding to Neu5Ac. In this study, an ACE approach to control the mobility of Neu5Ac and the effect of the central Ln ion were investigated to find the appropriate Ln ion. Moreover, ACE separation and detection of Neu5Ac from a complex biological mixture of protein and sugar chains was also performed. 
Experimental

Reagents and chemicals
All reagents employed were of analytical grade. Neu5Ac and disialic acid (diNeu5Ac) were purchased from Nagara Science (Gifu, Japan). The affinity ligands, S-2-(4-aminobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (ABNOTA) and 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA) were purchased from Macrocyclics (Dallas, TX). Chloride salts of lanthanides (lanthanum, europium, terbium, dysprosium, erbium, ytterbium and lutetium) were obtained from SigmaAldrich (St. Louis, MO). The pH buffer reagent, N-cyclohexyl-3-aminopropanesulfonic acid (CAPS), was employed (Dojindo, Kumamoto, Japan). Dimethyl sulfoxide (DMSO), glycine, proline, phenylalanine, tryptophan, histidine and tyrosine were purchased from Wako Pure Chemical Industry (Osaka, Japan). D-fructose, D-glucose and D-ribose were purchased from Kanto Kagaku (Tokyo, Japan). All stock solutions were prepared by dissolving appropriate amounts of the solid reagents into ultrapure water (>18.2 MΩ·cm), produced by Direct-Q 3UV (Nihon Millipore, Tokyo, Japan).
Apparatus
A Beckman Coulter P/ACE MDQ capillary electrophoresis system equipped with a photodiode array detector (Fullerton, CA) was employed for all CE experiments. The operation of the instrument and the analysis of electropherograms were executed by 32 New capillaries were rinsed with 0.1 mol/L hydrochloric acid for 10 min, followed by 1 mol/L sodium hydroxide for 60 min, then ultrapure water for 60 min with 50 psi (0.34 MPa) pressure before use.
Capillary electrophoresis procedure
Separation buffer solutions of 20 mmol/L CAPS-NaOH at pH 10.2 (pKa,CAPS = 10.40) containing 0 -1 mmol/L Ln-NOTA or -ABNOTA complexes were employed. All working solutions were filtered through a PTFE membrane filter with a 0.2 μm pore diameter (Advantec Toyo Roshi, Tokyo, Japan), followed by vacuum degassing before use. Between runs, the capillary was rinsed with 0.1 mol/L hydrochloric acid for 0.2 min, 1 mol/L sodium hydroxide for 0.5 min, ultrapure water for 0.2 min, and separation buffer for 2 min with 80 psi (0.55 MPa) pressure. A sample solution of a certain concentration of sialic acid was hydrodynamically injected into the capillary from the anodic end (0.5 psi (3.4 kPa) × 4.7 s; 5 nL injection volume estimated based on Hagen-Poiseuille equation). Subsequently, a positive high voltage of 20 kV was applied to execute electrophoresis. A detection wavelength of 195 nm was used. The temperature of the sample vial and the capillary was kept at 293 K by a built-in cooling system.
To calculate electrophoretic mobility, μep, the following Eq. (1) was employed:
Here, Lt, Ld, V, tEOF and t represent the total length, effective length of the capillary, applied voltage, and detection time of an electroosmotic flow marker (0.01% (v/v) DMSO) and the sample, respectively. Concerning the acid hydrolysis procedure of an α1-acid glycoprotein sample, a 0.8 mg quantity of α1-acid glycoprotein (AGP originated from human plasma, Wako Pure Chemical Industry) in a 1.5 mL polypropylene vial was dissolved in 100 μL of 0.1 mol/L hydrochloric acid, followed by heating in a water bath at 353 K for 1 h in order to hydrolyze the protein, releasing free Neu5Ac. The resulting solution was cooled to room temperature prior to the addition of 100 μL of a 0.1 mol/L sodium hydroxide solution for neutralization. The resulting solution was then diluted four-fold by the addition of a separation buffer solution or ultrapure water prior to injection into the CE instrument. Fig. S1 , Supporting Information). A negative mobility shift was observed for both Lu 3+ complexes. This fact indicates that the Ln-complexes form a Neu5Ac-Ln-L ternary complex with potential as affinity ligands in ACE, as expected. The shift rate by the Lu-NOTA complex was two-times greater than that by the Lu-ABNOTA complex. This seemed to be due to the effect of the aminobenzyl moiety in the ABNOTA structure, providing a larger Stokes radius for the Neu5Ac-Lu-ABNOTA complex than for the Neu5Ac-Lu-NOTA complex. In addition, the baseline drift, increasing baseline noise (around 50%) and random noise peaks observed with the Lu-ABNOTA complex may be due to its UV light absorbing group (aminobenzyl).
Results and Discussion
Thus, Ln-NOTA complexes were exclusively employed for ACE.
Affinity of Ln-NOTA complexes towards Neu5Ac
The effect of the center lanthanide ion on the mobility shift of Neu5Ac was investigated using 57La, 63Eu, 65Tb, 66Dy, 68Er, 70Yb and 71Lu-NOTA and -ABNOTA complexes. All Ln-NOTA complexes obviously provided a negative shift in the mobility of Neu5Ac when the complex (0 -1 mmol/L) was added into the separation buffer (see Fig. S1 , Supporting Information), compared to no addition of the complex (μep = -1.24
). The extent of the shift depended on the concentration of the Ln-NOTA complex. These facts strongly suggest that the Ln-NOTA complex interacts with Neu5Ac, as reported for Ln-ABNOTA, 37 to form a higher charge density species, [(Neu5Ac) --(Ln-NOTA-OH -)] 2-(see Fig. 1 ). Heavier lanthanide ions resulted in more negative mobilities for Neu5Ac. Such a tendency is usually observed for many lanthanide complex systems, which can be explained by the lanthanide contraction to give higher electrostatic interactions due to smaller ionic radii of heavier lanthanide ions. Hence, the interaction between Neu5Ac and Ln-NOTA complexes seems to be electrostatically controlled in large part.
The apparent stability constants between several Ln-NOTA complexes and Neu5Ac were determined. It was reported that species of the acid-dissociated complex ([Ln-NOTA-OH] -) were involved in one-to-one ternary complex formation, whereas non-dissociated species, [Ln-NOTA-H2O], showed no reactivity with Neu5Ac in bulk solution. 37 Thus, there is no need to take the complexation equilibrium between [Ln-NOTA-H2O] and Neu5Ac into consideration. Thus, the reaction at a certain pH can be represented by the following equations:
Here, Ln′ and S represent Ln-NOTA complex including both acid-dissociated and non-dissociated forms ([Ln′] = [Ln-NOTA-OH -] + [Ln-NOTA-H2O]), and Neu5Ac, respectively. Neu5Ac exists in anionic form under our experimental conditions according to the pKa value (= 2.6) of Neu5Ac. 38 It is well known that the following equation is given for fast dynamic equilibrium in CE:
Here, μobs, μS-Ln, and μS, represent the observed electrophoretic, the ternary complex and the Neu5Ac mobility, respectively. complex, KNeu5Ac-Ln-NOTA-OH, the acid-dissociation constants for Ln-NOTA complexes are taken into consideration. The equilibrium constants can then be calculated according to the following equation (see Fig. 1B for reaction scheme):
The Ln-NOTA complexes, however, were not easily detected in the UV region in CE in order to determine pKa by measuring mobility shift at various pHs, since the absorbance of the Ln complex was very low, and the sufficient signal-to-noise was not obtained. Hence, the mobility shift of Ln-ABNOTA complexes, which possess a light-absorbing group of aminobenzyl, was followed using CE-UV detection at 239 nm, to estimate the pKa values of Ln-NOTA complexes, which are analogous to Ln-ABNOTA. The obtained pKa values are summarized in Table 1 (experimental and analytical methods are shown in Supporting Information). The pKa,Ln-ABNOTA value obtained for Tb 3+ , 9.65 ± 0.07, is similar to those determined by other methods, 9.44 ± 0.07 (CE) and 9.4 ± 0.2 (fluorometry). 37 While it was expected that the side-chain, such as an aminobenzyl group, would show no effect on the pKa of the acid-dissociation reaction of the coordinated water molecule in the Ln-NOTA structure, the pKa values for Ln-FTC-ABNOTA complexes (where FTC represents fluorescein-thiocarbamyl) were determined to be 10.1 ± 0.1, 9.8 ± 0.2, 8.7 ± 0.2 for Nd, Gd and Lu, 39 respectively, which are comparable to those of Ln-ABNOTA complexes in this study (for example, 8.92 for the Lu-ABNOTA complex). As such, the estimation that the pKa values of Ln-NOTA complexes are very similar to those of Ln-ABNOTA complexes is reasonable, providing estimated KNeu5Ac-Ln-NOTA values, as summarized in Table 1 . The highest stability constant of 10 3.62 ± 0.04 L/mol towards Neu5Ac was observed for the Lu 3+ complex. To the best of our knowledge, this value is one of the highest stability constants among artificial receptors for Neu5Ac reported so far, compared to: 10 2.3 L/mol for Zn-boronic acid derivative complex (at pH 8.0 in 1:2 v/v water-MeOH), 34 -, 36 and 10 3.5 ± 0.1 L/mol for Tb-ABNOTA. 37 High selectivity for Neu5Ac over other neutral monosaccharides was also observed (vide infra), while most other receptors showed higher affinity towards D-fructose than Neu5Ac. It should be noted that, amongst existing artificial receptors, the highest affinity of the Lu-NOTA complex towards Neu5Ac was shown in terms of both the binding strength and the selectivity.
The dependence of the rate of change in the mobility of Neu5Ac on the central Ln ion appears to be controlled by pKa as well as by the electrostatic interaction of the coordination binding, as described previously, whereby Lu > Yb > Er > Dy > Tb > Eu > La. The heavier is the Ln ion, the greater is the electrophilic nature (due to lanthanide contraction), which causes a lower pKa (or more readily deprotonation) through the electron-withdrawing inductive effect.
Consequently, the effective concentration of [Ln-NOTA-OH]
-increases compared to non-reactive [Ln-NOTA] species at slightly alkaline pH (e.g. pH 10.2 was typically employed in this work).
Affinity capillary electrophoresis of Neu5Ac using Lu-NOTA complex
The ACE separation of mixed solutions of sialic acids (Neu5Ac and diNeu5Ac) and neutral monosaccharides (D-glucose, D-ribose and D-fructose), or of sialic acids and four amino acids (Trp, His, Phe and Tyr) was conducted. While sialic acids significantly changed mobility in the presence of Lu-NOTA, no change in mobility was observed for neutral monosaccharides (data not shown), and only a slight change in the mobility was observed for amino acids (Fig. 3A) . While Neu5Ac was completely separated from neutral monosaccharides, the peak of Neu5Ac significantly overlapped with the Trp peak with no addition of Lu-NOTA, and diNeu5Ac was detected between Phe, His and Tyr (Fig. 3A-a) . When Lu-NOTA was added to the separation buffer, the detection time of Neu5Ac and diNeu5Ac was increased, and thus separated from the amino acids (Figs. 3A-b, c and d) . A complete separation was achieved at a Lu-NOTA concentration of 1 mmol/L (Fig. 3A-d ). An electropherogram in which electrophoretic mobility is plotted as the independent variable (along the horizontal axis) is shown in Fig. 3B . Judging from the migration behavior, only sialic acids obviously change their mobility (from -1.28 × 10 -8 ). This result proves that this Lu-NOTA complex is a high-affinity reagent specific for sialic acids.
Determination of Neu5Ac content in α1-acid glycoprotein sample
By conventional methods used to determine total sialic acid content in protein and biological sample solutions, sialic acid residues in the terminal position in sugar chains are usually acid hydrolyzed under relatively mild conditions. 40, 41 With respect to the CE procedure for the determination of Neu5Ac reported so far, some pretreatment steps, like ultrafiltration and ionexchange, are necessary after acid hydrolysis for the isolation of Neu5Ac from coexisting substances. This is because the resulting hydrolysates of proteins and sugar chains show very large peaks that seriously interfere with the detection of Neu5Ac due to peak overlap, and it is difficult to separate these even by CE.
By the ACE method with Lu-NOTA complex formation, it was expected that the peak of sialic acid could be shifted to where no other substances co-migrated, since the mobility of sialic acid can be controlled as intended by the concentration of Lu-NOTA. As a model case, an α1-acid glycoprotein (AGP) sample was subjected to this method to determine its sialic acid content. AGP is a highly glycosylated protein in which sugar chains account for about 45% of the total relative molecular mass of 41000 -43000. Also, there are a number of Neu5Ac residues at the terminal ends of the sugar chains (reported as 10 -15 mol/mol), and the determination of their content has potential for the diagnosis of various diseases. 18, 19, 42 While the hydrolysate of AGP was analyzed directly by normal CZE, the peak of the hydrolysate completely overlapped with the peak of Neu5Ac (Fig. 4a) . The ACE conditions were designed by calculating the electrophoretic mobility based on the affinity constant of Lu-NOTA. Thus, it was expected that sufficient separation would be obtained by the addition of a 1 mmol/L Lu-NOTA complex to the separation buffer to give a mobility of -1.76 × 10 -8 m 2 V -1 s -1 , since a mobility of -1.8 × 10 -8 m 2 V -1 s -1 corresponded to the peak of the hydrolysate originating from the AGP. Figure 4b shows the resulting electropherogram for the separation of Neu5Ac from AGP (Rs = 3.0). The Neu5Ac content in AGP was determined by a calibration curve (as per the inset in Fig. 4) , yielding a detection limit of 2.5 μmol/L based on S/N = 3. The curve was linear in the range of 0 -1 mmol/L Neu5Ac with a high correlation coefficient (R 2 = 0.998). The Neu5Ac content so determined was 12.9 ± 1.0 mol/mol, which was comparable to the general content of Neu5Ac in AGP (10 -15 mol/mol). Thus, it was indicated that this ACE method simplified the procedure for the determination of Neu5Ac in biological samples without preseparation steps compared to a conventional method.
Conclusions
This study is the first to report that Ln-NOTA complexes, especially the Lu-NOTA complex, are very effective affinity reagents for Neu5Ac in ACE. The Lu-NOTA complex showed very high affinity and selectivity toward Neu5Ac over other neutral monosaccharides in pure aqueous solution. Such an ACE system, in which the mobility of the target saccharide can be easily controlled as intended, is rare among existing examples of artificial receptors. Our future interest will focus on controlling separation behavior of sialo-isoforms of sugar chains using the Ln complex motif.
